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ABSTRACT 

We present the result of a near- infrared (JHKs) survey along the Galactic 
plane, -10?5 < / < 10?5 and b = +1°, with the IRSF 1.4m telescope and the 
SIRIUS camera. K$ vs. H — Kg color-magnitude diagrams reveal a well-defined 
population of red clump (RC) stars whose apparent magnitude peak changes 
continuously along the Galactic plane, from K$ = 13.4 at / = —10° to Kg = 12.2 
at I = 10° after dereddening. This variation can be explained by the bar-like 
structure found in previous studies, but we find an additional inner structure at 
| I |< 4°, where the longitude - apparent magnitude relation is distinct from the 
outer bar, and the apparent magnitude peak changes by only « 0.1 mag over the 
central 8°. The exact nature of this inner structure is as yet uncertain. 
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1. Introduction 

The presence of the large-scale bar in the central region of the Galaxy was first suggested 
by de Vaucouleurs (1964) and is now well established by a variety of methods: gas dynamics 
(e.g., Binney et al. 1991), bulge surface brightness (e.g., Blitz & Spergel 1991), luminous 
star counts (e.g., Nakada et al. 1991), bulge red clump stars (e.g., Stanek et al. 1994), etc. 
A consensus is slowly emerging for a large-scale Galactic bar with an axis ratio of 3:1:1, a 
major axis oriented at 15-40° with respect to the Sun-Galactic center line, with the nearer 
side at positive Galactic longitudes, and a radius of more than 2.4 kpc (Morris & Serabyn 
1996). 

Smaller non-axisymmetric structures have been suggested but no definite conclusion has 
been reached yet. Alard (2001) made a star density map from 2MASS data and suggested 
the existence of an inner bar (| I |< 2° and | b |< 2°) at an orientation different from 
the large-scale one. Unavane & Gilmore (1998) counted the number of stars in the narrow 
L band at b « 0°, I = ±2.3° and ±4.3°, and found an asymmetry between positive and 
negative longitudes. However, dereddened luminosity functions of point sources at 7/im 
showed symmetric distributions inside | Z |< 4° (van Loon et al. 2003). Secondary bars are 
common in external barred galaxies (e.g., Laine et al. 2002; Erwin 2004), and they may play 
a crucial role in gas inflows to galactic centers. Detailed observations of the inner region of 
the Galaxy to clarify the spatial distribution of stars are thus essential. 

To investigate the inner structure of the Galactic bulge, we use red clump (RC) stars. 
RC stars allow us accurate distance determinations because of their narrow luminosity distri- 
bution and large number in the bulge. RC stars were employed by the OGLE group (Stanek 
et al. 1994, 1996, 1997; Wozniak & Stanek 1996; Paczyhski & Stanek 1998; Udalski 2000), 
and their observations in the V and / bands provided clear evidence of the large-scale bar 
(Stanek et al. 1994, 1996). However, their observations were restricted to a few windows of 
low extinction at high latitude (| b |> 2°), where data might not constrain the bar structure 
reliably (Sevenster et al. 1999). 

In this Letter, we present the results of near-infrared survey at low Galactic latitude 
{b = +1°). Our results show clear evidence of an inner structure distinct from the large-scale 
bar. 



2. Observations and Data Reduction 

Our observations were obtained in 2004 May - June using the near-infrared camera SIR- 
IUS (Simultaneous InfraRed Imager for Unbiased Survey; Nagashima et al. 1999; Nagayama 
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et al. 2003) on the IRSF (InfraRed Survey Facility) 1.4m telescope of Nagoya University 
at South African Astronomical Observatory, South Africa. SIRIUS can provide J(1.25/xm), 
i?(1.63/im), and i^ 5 (2.14/im) images simultaneously, with a field of view of 7'. 7 x 7'. 7 and a 
pixel scale of 0".45. 

At b = +1°, we surveyed a strip extending over | I |< 10?5, with a latitude width of 
about 8'(one field). The total area surveyed is thus about 2.8 square degrees (see Fig. 1). 
Our observations were obtained only on photometric nights and the typical seeing was l'/2 
FWHM in the H band. A single image comprises 10 dithered 5 sec exposures, and the whole 
strip required 168 images. 

Data reduction was carried out with the IRAF (Imaging Reduction and Analysis Fa- 
cility) 1 software package. We applied standard procedures of near-infrared array image 
reduction in which dark frames were subtracted, flat-fields were divided, and sky frames 
were subtracted. Photometry, including PSF fitting, was carried out with the DAOPHOT 
package (Stetson 1987). We used the DAOFIND task to identify point sources and the source 
lists were then input for PSF-fitting photometry to the ALLSTAR task. The PSF fit for 
each frame was constructed with about 20 isolated stars. 

Each frame was calibrated with the standard star #9172 in Persson et al. (1998), which 
was observed every 30 min. We assumed that #9172 is H = 12.12 and K s = 12.03 in the 
IRSF/SIRIUS system. The average of the zero-point uncertainties was about 0.03 mag in 
both bands. The 10a limiting magnitudes were H = 16.6 and K s = 15.6. 



3. Analysis and Results 

RC stars are the equivalent of horizontal branch stars for a metal-rich population. They 
constitute a compact and well-defined clump in a color magnitude diagram (CMD) and have 
a narrow luminosity distribution. The mean magnitude of RC stars is thus a good distance 
indicator, and we apply the method developed by OGLE (Stanek et al. 1996, 1997) to our 
H and K$ data in this paper. 

To analyze the distribution of RC stars, we define the extinction-free magnitude 
K H - K =K S - n x i( H ~ K s) ~(H- K s )o} 



1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the As- 
sociation of Universities for Research in Astronomy, Inc., under cooperative agreement with the National 
Science. 
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where we use the reddening law A Ks /E(H — K s ) = 1.4 (Nishiyama et al. 2005) 2 and the 
intrinsic H — K s color of RC stars (H — K s )o — 0.1 (Alves 2000). K H _ K is thus defined 
so that if A Ks /E(H — K s ) is independent of location, then for any particular star K H _ K is 
independent of extinction. 

First, we construct K s vs. H — K s CMDs for individual regions of one degree in 
longitude. For this, we merge the data of 8 neighboring fields into one dataset, e.g., we use 
the merged dataset of -0?5 ^ I ^ +0?5 for I = 0?0, -0?25 ^ I ^ +0?75 for I = +0?25, 
etc. Second, we extract the stars in the region of the CMDs dominated by RC stars (see, 
e.g., Fig. 2) and the extracted stars are used in turn to make Kh-k histograms (luminosity 
functions; see Fig. 3). The histograms have clear peaks and are fitted with the sum of an 
exponential and a Gaussian functions (see again, in Fig. 3). In addition to the RC peak, a 
much smaller but clear peak also exists in the | I \< 7° histograms at a dereddened K H _ K 
magnitude of « 13.5 (e.g., middle panel in Fig. 3). Fitting was made up to the magnitude 
unaffected by this peak. At I = — 6?25 and — 6?50, the RC peaks appear distorted by this 
peak, so we excluded those datasets from our analysis. 

Owing to highly nonuniform interstellar extinction over the region surveyed, the peaks of 
RC stars in the CMDs shift from one line of sight to another over the range 13.0 < K s < 14.5. 
All the peaks are more than 1 mag brighter than the limiting magnitudes, so they are well 
defined. Also we confirmed a completeness of 89% at K$ = 15 by adding artificial stars into 
the most crowded frame (/ = +1°). 

The resulting dependence of the RC peak magnitude on the Galactic longitude / is shown 
in Fig. 4. Error bars include uncertainties in the RC peak and the photometric calibration. 
Assuming the absolute K$ magnitude of RC stars to be —1.61 mag (Alves 2000), the absolute 
peak distances were also calculated and are shown using the scale on the right of Fig. 4. 
The distance to the Galactic center (| / |< 1°) is ~ 8.3 kpc, slightly larger than the distance 
of 8.0 ± 0.5 kpc obtained as a weighted average of a variety of observations (Reid 1993). 

As shown by Fig. 4, the RC peak becomes progressively brighter at a greater galactic 
longitude, from K H _ K = 13.4 at I = -10° to K H _ K = 12.2 at / = +10°. This is due 
to a nearer distance at I > 0° than I < 0° and clearly indicates that the bulge is not 
axisymmetric in support of previous work. However, the slope of the points in Fig. 4 is not 
constant, becoming shallower at | I |< 4°. The peak magnitude changes by only ^0.1 mag 
over the central 8°, while it changes by more than 1 mag from I = —10° to / = +10°. This 
variation of the slope suggests the presence of an inner structure inside the large-scale bar. 



2 Evcn if we adopt a different reddening law, the resultant Kh-k changes only a few tenths mag, and 
points in Fig. 4 move up or down as a whole with the shape unchanged. 
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4. Discussion 

RC stars are good distance indicators (Alves 2000; Pietrzynski 2003), but their bright- 
ness weakly depends on their age and metallicity (Girardi & Salaris 2001; Salaris & Girardi 
2002; Grocholski & Sarajedini 2002). The bulk of stars in the Galactic bulge is very old 
(Ortolani et al. 1995; Zoccali et al. 2003), and for such stars the variation in RC brightness 
is estimated to be only 0.1 mag at K for an age increase of 5 Gyr (Salaris & Girardi 2002). 
Frogel et al. (1999) and Ramirez et al. (2000) did not find any metallicity gradient along the 
Galactic major axis at | I |< 4°. Although the gradient at larger I along the Galactic plane 
has not been well studied, no detectable gradient over the range 5° < I < 25° was found 
by Ibata & Gilmore (1995a,b). Therefore our results are not likely to be affected by age or 
metallicity variations of RC stars. 

Stanek et al. (1996) observed bulge RC stars in the V and / bands, and estimated the 
modes of RC magnitudes. They found that the modes are ~ 0.2 mag brighter at / = +5° 
and ~ 0.2 mag fainter at / = —5° than at I ~ +1°. Their results are plotted in Fig. 4 so 
that the point at (I, b) ~ (+1°, —4°) agrees with our data. The magnitude differences of the 
two datasets at I = ±5° are in good agreement, but the inner structure of the bulge escaped 
Stanek et al. (1996) because their observations were only in discrete low extinction regions. 

The luminosity functions (LFs) of point sources at 7/im made by van Loon et al. (2003) 
from I = —10° to I = +10° at | b |< 1° are similar between positive and negative longitudes 
for | I |< 4°. Although their results imply that the inner region of the Galaxy is axisymmetric, 
it would be very difficult to identify any difference between the LFs at the w 0.1 mag level, 
and the small asymmetry revealed by our observations might have been overlooked. At a 
greater longitude, their LFs indicate that the stars at / « +9° are generally closer to us than 
at I w —9°. The large difference in apparent magnitude of RC stars at I « ±9° in our work 
agrees with their results. 

The narrow L band observation of Unavane & Gilmore (1998) did find an asymmetry 
in the star counts at I = ±2?3 and I = ±4?3. Although their statistics were not very good, 
they claim that the asymmetry is best fitted with the interpolation of the models developed 
by Blitz & Spergel (1991) and Binney et al. (1991, 1997) for the large-scale bar. However 
we show here that the inner part makes a distinct structure, so the interpolation might not 
be appropriate. Non-axisymmetric structures even smaller (~ 1°) than discussed here have 
also been suggested (e.g., Alard 2001; Sawada et al. 2004), and larger (> 10 — 15°) ones have 
also been discussed (e.g., Lopez-Corredoira et al. 2001), but the scales of such structures are 
out of the range of our observation and they are thus undetectable by our survey. 

Recent studies of other galaxies suggest that as many as one-third of all early-type 



- 6- 



barred galaxies have secondary bars (e.g., Laine et al. 2002; Erwin 2004), so the presence of 
an inner structure inside a large-scale bar is not uncommon. Since the RC peak magnitude 
within | I |« 4° only slightly changes, the inner structure may well be a secondary bar whose 
major axis makes a larger angle with respect to the Sun - Galactic center line than the large- 
scale bar. However, even if the real distribution of stars in the inner part is axi-symmetric, 
the observed RC peak magnitude could show a dependence like that shown in Fig. 4 at 
| I |< 4°. In this region, the stars of the inner structure and those of the large-scale bar 
will overlap along the line of sight, yielding the observed shallow slope. Although further 
modeling is thus clearly required to determine the exact morphology of the inner structure, 
our near-infrared observations have demonstrated its existence towards the low Galactic 
latitude of b = 1°. 



5. Summary 

In this paper, we investigated the distribution of stars in the Galactic center region 
by using H and K$ data. The longitude - apparent magnitude relation of red clump (RC) 
stars in a thin strip along the Galactic plane from / = — 10?5 to I = +10?5 shows that the 
dereddened magnitude of the RC peak changes continuously from Kg = 13.4 to K$ = 12.2. 
This variation, which agrees well with optical data by OGLE, supports the presence of the 
large-scale bar found in previous studies. Most importantly, an inner structure distinct from 
the large-scale bar is clearly found at | I |< 4°, although its exact nature is still uncertain. 
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Fig. 1. — Schematic map of the area observed, from I = — 10?5 to +10?5 at b = +1°. The 
width of the strip is about 8'. 
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Fig. 2. — K s vs. H — K s color-magnitude diagram obtained in our survey at I = 0?0. The 
parallelogram delineates the region dominated by bulge red clump stars, which in turn are 
used to make a K H _ K histogram. Contours are spaced linearly by 200 stars per 0.1 2 mag 2 
between 100 to 1900 stars. 
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Dereddened K H K magnitude 

Fig. 3. — Histograms of the dereddened K H _ K magnitudes. Red clump stars make clear 
peaks at K H _ K « 12.2,12.7,12.8,13.0, and 13.4 mag at I = +10?0, +5?0, 0?0, -5?0, and 
— 10?0, respectively. Exponential and Gaussian functions are used to fit the histograms 
(smooth line). 
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Fig. 4. — Dependence of the peak of the Kh-k distribution on the Galactic longitude I in our 
area surveyed (filled circle). The data of Stanek et al. (1996) are also plotted at I ~ — 5, +1 
and +5° (open square). 



